The protein PCSK9 (proprotein convertase subtilisin/kexin type 9) is a key regulator of low-density lipoprotein receptor (LDLR) levels and cardiovascular health. We have determined the crystal structure of LDLR bound to PCSK9 at neutral pH. The structure shows LDLR in a new extended conformation. The PCSK9 C-terminal domain is solvent exposed, enabling cofactor binding, whereas the catalytic domain and prodomain interact with LDLR epidermal growth factor(A) and b-propeller domains, respectively. Thus, PCSK9 seems to hold LDLR in an extended conformation and to interfere with conformational rearrangements required for LDLR recycling.
INTRODUCTION
High levels of circulating low-density lipoprotein (LDL) cholesterol are linked to cardiovascular disease (NCEP-Panel, 2002) , the leading cause of death worldwide. The LDL receptor (LDLR) has emerged as a key regulator of cellular LDL uptake and plasma cholesterol levels. The LDLR binds to circulating LDL, and the complex is internalized by clathrin-mediated endocytosis. At low pH in the endosomes, the LDLR/LDL complex dissociates allowing receptor recycling and lysosomal degradation of LDL (Brown & Goldstein, 1986) . Interestingly, LDLR mutations blocking LDL release prevent receptor recycling, leading to LDLR degradation (Davis et al, 1987) . The importance of the LDLR for human health is highlighted by the many (41,000) LDLR missense mutations that are associated with familial hypercholesterolaemia (FH; Leigh et al, 2008) .
The LDLR ectodomain has two main regions: the ligand-binding domain (LBD, with repeats L1-L7, each of about 40 residues) and the epidermal growth factor (EGF) precursor homology domain (EGFPH, with EGF(A), EGF(B), b-propeller and EGF(C) domains; Fig 1) . The EGFPH region is required for acid-dependent ligand release (Davis et al, 1987; Beglova et al, 2004) and contributes to LDL binding together with the LBD (Esser et al, 1988; Russell et al, 1989; Huang et al, 2010; Ren et al, 2010) .
Many studies have been conducted on the LDLR to understand the mechanism of pH-dependent LDL release. A low-resolution cryo-electron microscopy (cryoEM) study of vesicle-reconstituted LDLR at neutral pH showed predominantly elongated stick-like structures (Jeon & Shipley, 2000) , whereas a crystal structure of the LDLR determined at acidic pH showed the receptor in a closed conformation, with intramolecular contacts between repeats L4-L5 of the LBD and the b-propeller (Rudenko et al, 2002) . Formation of these interactions at low pH in the endosomes is proposed to drive LDL dissociation, either through direct competition or allosterically (Rudenko et al, 2002; Zhao & Michaely, 2008) . In addition, decreased Ca 2 þ -binding affinity of the L5 repeat has been observed at low pH (Arias-Moreno et al, 2008) , which might also contribute to LDLR/ LDL complex disassembly through local unfolding of the receptor. Despite several studies supporting various aspects of these models and the identification of various amino acids that contribute to LDL release (Zhang et al, 2008; Zhao & Michaely, 2008; Huang et al, 2010) , the molecular and structural determinants for the pH-driven conformational change of the receptor remain only partly characterized.
An important contribution to the regulation of hepatic LDLR and consequently of plasma LDL levels was made by proprotein convertase subtilisin/kexin type 9 (PCSK9; Abifadel et al, 2009) . The association of PCSK9 with cardiovascular disease was made after the discovery of PCSK9 mutations linked with hyperor hypocholesterolaemia. For instance, remarkable degrees of protection against coronary heart disease were observed in humans with the single PCSK9 point mutations Y142X, C679X and R46L . Moreover, a perfectly healthy compound heterozygote (Y142X and DR97) was identified with extremely low levels of plasma LDL and no detectable circulating PCSK9 (Zhao et al, 2006) . PCSK9 has a prodomain, a catalytic domain and a C-terminal histidine-rich domain (CTD; Fig 1) . After auto-cleavage, the prodomain remains tightly associated with the catalytic domain. PCSK9 reduces LDLR levels not through proteolytic activity but rather by binding and targeting the receptor for lysosomal degradation (Horton et al, 2009 ). The neutral-pH structure of the complex between PCSK9 and a small LDLR EGF(A)-EGF(B) fragment showed how EGF(A) contacts only the PCSK9 catalytic domain. The same complex at low pH showed that the EGF(A) H306 side chain forms an extra salt bridge with PCSK9 D374, thus increasing binding affinity three-to fourfold (Kwon et al, 2008; Bottomley et al, 2009) . Although at present it is unclear how the PCSK9/LDLR interaction leads to receptor degradation, PCSK9 loss-of-function mutations result in increased LDLR levels and hypocholesterolaemia, whereas PCSK9 gain-of-function mutations are associated with increased LDLR degradation and hypercholesterolaemia (Abifadel et al, 2009) .
RESULTS AND DISCUSSION
We crystallized various complexes of full-length PCSK9 and LDLR ectodomain proteins (supplementary information online). The complex of PCSK9 and the LDLR EGFPH fragment yielded crystals at neutral pH and allowed structure determination and refinement to 3.3 Å resolution (R w ¼ 27.0%, R f ¼ 29.9%; supplementary Table S1 online and supplementary Fig S1 online) . A second structure of PCSK9 bound to the entire LDLR ectodomain was refined to 4.2 Å resolution but showed PCSK9 bound only to the L7-EGFPH region of the receptor (supplementary Table S1 online). Mass spectrometry, SDS-PAGE analysis and N-terminal sequencing of washed crystals indicated that adventitious proteolysis of the LDLR had occurred during crystallization between repeats L4 and L5 (G 171 kD 172 ), for about 50% of receptor molecules, such that the crystals contained a mixture of full-length receptor and a shorter form lacking L1 to L4. Thus, the L6 and L5, and presumably also L1 to L4, are probably flexible in the crystals. Purification and crystallization in the presence of protease inhibitors was sufficient to prevent receptor degradation, but the resulting crystals did not show improved diffraction. Although the structures of PCSK9 bound to the full-length LDLR or the shorter construct (L7-EGFPH) were determined from crystals obtained under different conditions and with completely different crystal packing arrangements, the resulting PCSK9/LDLR structures were essentially identical.
The most striking feature of the complex was that the LDLR showed an extended conformation, with the L7-EGF(A)-EGF(B) region appearing as a stick-like protrusion from the b-propeller (Fig 2) , with dimensions remarkably similar to those of lipidreconstituted LDLR observed at neutral pH by cryoEM (Jeon & Shipley, 2000) and contrasting with the closed ring-like structure observed at low pH (Rudenko et al, 2002) . Conversely, PCSK9 adopted the same structure previously seen at various pHs (Cunningham et al, 2007; Hampton et al, 2007; Piper et al, 2007) .
Most of the contacts between PCSK9 and LDLR occurred between the PCSK9 catalytic domain and the LDLR EGF(A) domain, resulting in a roughly 1,000 Å 2 interface, as described in previous reports of the PCSK9/EGF(A)-EGF(B) structure (Kwon et al, 2008; Bottomley et al, 2009 ). In addition, the PCSK9 prodomain made van der Waals contacts with the LDLR b-propeller, creating a 
LDLR domains are L7 (beige), EGF(A) (yellow), EGF(B) (green) and b-propeller/EGF(C) (cyan)
. Spheres indicate Ca 2 þ ions. PCSK9 residues 212-222 form a disordered loop (red dashes) harbouring the furin cleavage site (RFHR 218 ). Box: details of the b-propeller/prodomain interface; side-chain sticks for S127, D129, R385, N404 and N407 show the close proximity of residues associated with familial hypercholesterolaemia; side-chain labels are colour coded: PCSK9, red; LDLR, grey. CTD, C-terminal histidine-rich domain; EGF, epidermal growth factor; LDLR, low-density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/kexin type 9.
Structure of the PCSK9/LDLR complex P. Lo Surdo et al second, albeit minor, interface of about 70 Å 2 involving L626 (LDLR b-propeller) and L108 (PCSK9 prodomain; Fig 2) . Notably, the PCSK9 S127R gain-of-function mutation (Abifadel et al, 2009) maps to this region (Fig 2) , suggesting that extra contacts with the b-propeller might underlie this phenotype.
The structure of the PCSK9/LDLR complex also showed a well-ordered EGF(B), in contrast to previous structures of an LDLR EGF(B)-b-propeller-EGF(C) fragment (Jeon et al, 2001 ) and PCSK9/EGF(A)-EGF(B) complexes in which this domain was disordered (Kwon et al, 2008; Bottomley et al, 2009 ). In the position observed here, the EGF(B) domain is expected to prevent access of furin protease to the RFHR 218 target site within the PCSK9 catalytic domain (Benjannet et al, 2006; Essalmani et al, 2011; Fig 2) . Indeed, we observed that furin cleavage activity on PCSK9 in solution is prevented by LDLR (supplementary Fig S2  online) . Finally, the structure showed that the PCSK9 CTD does not contact the LDLR and is solvent exposed, consistent both with studies showing that CTD deletion does not affect PCSK9/LDLR binding at neutral pH (Bottomley et al, 2009 ) and with its proposed role in binding to a cell surface co-receptor (Hampton et al, 2007; Ni et al, 2010) .
The extended conformation of the LDLR reported here differs greatly from the closed structure seen at acidic pH (Fig 3A,B) . In particular, superposition of the b-propeller-EGF(C) region from the PCSK9/LDLR complex and the low-pH LDLR structure (Rudenko et al, 2002) shows the EGF(B) domain in two entirely different positions (Fig 3C) . The difference between the closed and extended receptor conformations is essentially a rotation around residue S376, a hinge in the short linker (A 373 VGSIA 378 ) connecting EGF(B) to the b-propeller (Fig 3C) . In the complex, the linker establishes several intramolecular hydrogen bonds with EGF(B) and b-propeller. Notably, linker residue G375 formed a hydrogen bond with b-propeller residue H635, which functions as a 'staple' and therefore contributes to the structure and positioning of the linker (Fig 3D; supplementary Fig S1 online) . Moreover, a hydrophobic patch on the b-propeller that is exposed at low pH becomes buried by EGF(B) residues in the complex, further stabilizing the extended receptor conformation (Fig 3D) .
Another difference between the closed and extended LDLR conformations was that the b-propeller surface buried by L4-L5 at acidic pH is exposed in the complex with PCSK9, wherein L4 and L5 are too far away to establish the same interactions observed at to EGF(C) regions) from the neutral-pH LDLR/PCSK9 structure (this work) and the low-pH LDLR structure (Rudenko et al, 2002) , prepared by alignment of the b-propeller/ EGF(C) region. The superposed b-propeller/EGF(C) regions are shown as a surface representation. The EGF(B) domain from the neutral-pH LDLR structure is shown as a green ribbon and the region that it contacts on the b-propeller surface is shown as a green patch. In contrast, the EGF(B) domain from the low-pH LDLR structure is shown as a light blue ribbon, and the region that it contacts on the b-propeller surface is shown as a blue patch. The b-propeller H635 is shown in red. (D) The neutral-pH LDLR structure shows several interdomain bonds between EGF(B) (light green), the linker (dark green) and the b-propeller (surface plot). The b-propeller surface is pink where LDLR mutations are linked with FH; for example, T392M, L393R, D394H/G, E397K, V415A, L435H, H635N/Q. Additional proximal FH-associated mutations map to EGF(B) and linker regions (L364R, C371R, K372N, G375S, S376T, A378T/D). CTD, C-terminal histidine-rich domain; EGF, epidermal growth factor; FH, familial hypercholesterolaemia; LDLR, low-density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/kexin type 9.
Structure of the PCSK9/LDLR complex P. Lo Surdo et al acidic pH (compare Fig 3A,B) . Thus, by holding the receptor in the extended conformation, PCSK9 interferes with the formation of intramolecular interactions between L4-L5 and the b-propeller. It has recently been proposed that the PCSK9 CTD interacts with the LDLR LBD as a secondary step enhancing complex formation at acidic pH on transport to the endosomes (Yamamoto et al, 2011) . Molecular modelling performed in light of the structure of the PCSK9/LDLR complex reported here showed that such contacts could form after a simple rotation of the L1-L6 region pivoting in the flexible loop connecting L6 and L7. The rather elongated L2-L6 region spans about 100 Å (Rudenko et al, 2002) , more than sufficient to reach from L7 to the PCSK9 CTD, a distance of only about 80 Å in the structure of the complex (Fig 2) . We used surface plasmon resonance (SPR) to show that at neutral pH PCSK9 bound to the LDLR ectodomain or L7-EGFPH with a high nanomolar dissociation constant (K d ¼ 750 nM for ectodomain, 880 nM for L7-EGFPH), confirming that repeats L1-L6 are not critical for the initial interaction occurring at the cell surface (Table 1 ; supplementary methods online and supplementary Fig S3 online) . The K d values determined herein are similar to those that we (Fisher et al, 2007) and others (Piper et al, 2007) have previously reported (K d ¼ 625 and 840 nM, respectively), but are somewhat greater than those reported by Cunningham et al (2007) (K d ¼ 170 nM) , a variation that can be attributed to the differences in running buffers-we and Piper et al (2007) included small amounts of BSA and detergent to reduce nonspecific interactions.
To evaluate the contribution of the newly observed interface (involving L626 (b-propeller) and L108 (PCSK9)) to the overall affinity of the PCSK9/LDLR interaction, we tested binding of the LDLR mutants L626A/R/E to PCSK9 (supplementary Figs S3 and S4 online) . Compared with the wild type, the L626 mutants showed only slightly reduced affinities for PCSK9 (K d ¼ 970-1,250 nM; see Table 1 ), suggesting that the newly identified interface makes a marginal contribution to the interaction. Nevertheless, by bridging between the LDLR EGF(A) domain and the b-propeller, PCSK9 seems to stabilize the receptor in the extended conformation.
We also used SPR to evaluate mutations that might interfere with the formation of the extended conformation of the receptor and potentially with the formation of the interface between EGF(B) and b-propeller (Fig 3; supplementary Fig S1 online) . We observed that the LDLR mutations Gly 375 Ser 376 -Pro-Pro and His 635 -Asn resulted in two-to fourfold weaker binding of PCSK9 at neutral pH (K d ¼ 1,940 and 2,960 nM, respectively; see Table 1 ). The weaker binding of these mutants points to a role of the EGF(B)-b-propeller linker in the optimal binding and relative positioning of PCSK9 and LDLR in the complex.
Interestingly, the EGF(B)/b-propeller interface features an hydrogen bond between H635 and G375 (Fig 3; supplementary Fig S1 online) . The G375S and H635Q/N mutations are associated with FH, suggesting that these and other proximal FH mutations (Fig 3) might function by interfering with the transition of the receptor from an extended conformation to a closed conformation, ultimately inhibiting LDL release and receptor recycling. Notably, G375 and H635 are strictly conserved in close members of the LDLR family, including VLDLR and ApoER2, suggesting a conserved function in this receptor family.
The interaction between PCSK9 and LDLR (wild type and mutants) was also assessed by SPR at acidic pH. In agreement with previous reports (Cunningham et al, 2007; Fisher et al, 2007; Piper et al, 2007) , at low pH, the binding affinity was enhanced 50-to 100-fold (K d ¼ 8 nM for LDLR wild type; see Table 1 ). Moreover, at acidic pH, PCSK9 bound to wild-type LDLR and most of the mutant receptors with similar affinities (10-20 nM, see Table 1 ). A slightly decreased binding to PCSK9 was observed for the LDLR H635N protein (K d ¼ 45 nM, compared with 8-10 nM for wild-type LDLR; Table 1 ), possibly due to a minor shift in the equilibrium towards the extended LDLR conformation. Finally, we tested a form of PCSK9 lacking the histidine-rich CTD for binding to the L7-EGFPH and observed a further 5-to 10-fold decrease in binding affinity (K d ¼ 100 nM), probably due to the absence of the many CTD histidines, the protonation of which at low pH might enhance electrostatic attractions in the complex. Thus several factors, including the CTD, contribute to the increased LDLR/ PCSK9-binding affinity at low pH.
Together, these data indicate a plausible mechanism for LDLR downregulation by PCSK9 (Fig 4) . We propose that at neutral pH plasma PCSK9 binds to cell surface LDLR and holds the receptor L7-EGFPH region in an extended conformation. Although the equilibrium dissociation constant of this interaction (K d B750 nM) is relatively low compared with typical amounts of circulating PCSK9 (1-10 nM; Lagace et al, 2006) , the half-life of the complex dictated by the dissociation rate constant (k off ¼ 1.2 Â 10 À3 s À1 ) is about 10 min, which is comparable with the duration of a 'round trip' of LDLR internalization and recycling to the cell surface (Goldstein et al, 1976) . Moreover, the interaction avidity might be modulated by a cofactor binding to the PCSK9 CTD (Nassoury et al, 2007; Mayer et al, 2008; Ni et al, 2010; Mousavi et al, 2011) . Once in the endosomal low-pH milieu, the increased affinity of the PCSK9/LDLR interaction reduces complex dissociation (Fisher et al, 2007; Piper et al, 2007) , and more contacts might form between the LDLR LBD and the PCSK9 CTD (Yamamoto et al, 2011) . More importantly, by simultaneously contacting EGF(A) and b-propeller domains, and Structure of the PCSK9/LDLR complex P. Lo Surdo et al possibly a cell surface co-receptor, PCSK9 constrains the LDLR structure and interferes with the rearrangement of EGF(B) required for the receptor to adopt the low-pH conformation. A role for PCSK9 in preventing the acid-dependent structural transition is also supported by size-exclusion chromatography data (Zhang et al, 2008) . Mutations that prevent LDLR/LDL from dissociating at low pH also preclude receptor recycling and lead to degradation (Davis et al, 1987) . We postulate that PCSK9 might function similarly, by locking the LDLR in an extended conformation and inhibiting the transition to the closed conformation, and perhaps also by preventing binding to more proteins involved in LDLR recycling (Zhang et al, 2008) . Finally, the structure indicates new strategies for PCSK9 inhibition as an approach for treating hypercholesterolaemia; for example, prodomain-binding antibodies that sterically interfere with the PCSK9/LDLR interaction. Similarly, small molecules binding the prodomain and disrupting contacts with the b-propeller might partly inhibit PCSK9. Along these lines, a short prodomain peptide (including L108, which we observed in contact with LDLR) was reported to inhibit PCSK9-mediated LDLR lowering (Palmer-Smith & Basak, 2010) .
In summary, our structure shows the molecular basis of the interaction between PCSK9 and LDLR at the cell surface and provides a new structural framework to facilitate the search for inhibitors of PCSK9 activity.
METHODS
Protein production. Molecular cloning, protein expression and protein purification of the human PCSK9 and LDLR proteins were essentially as described previously (Fisher et al, 2007; Bottomley et al, 2009) ; full details are given in the supplementary information online. Crystallization of PCSK9/LDLR complexes. All protein complexes were crystallized by the vapour diffusion method at 18 1C. Details of the crystallization experiments are reported in the supplementary information online. Data collection, structure determination and refinement. All X-ray diffraction data were collected at 100 K on ID14 beamlines at the European Synchrotron Radiation Facility (Grenoble, France). The structures were determined by the molecular replacement method; full details of the protocols used are provided in the supplementary information online. Atomic coordinates have been deposited in the RCSB PDB with accession codes 3P5B and 3P5C. Surface plasmon resonance. All SPR experiments were conducted using Biacore instruments at 25 1C, essentially as described previously (Fisher et al, 2007) . LDLR proteins were immobilized on the sensor surface and PCSK9 or PCSK9DC (a construct lacking the CTD) was injected in optimized running buffer. Full details of the titration series, sensorgram plots and data analysis methods are presented in the supplementary information online. LDLR   L1   L2   L3   ,,  ,, ,, Structure of the PCSK9/LDLR complex P. Lo Surdo et al
